A wide range of optical bandgap modulation up to 5.1 eV was achieved for quaternary BeMgZnO thin films prepared using plasma assisted molecular beam epitaxy, enabling 
Introduction
ZnO is a highly attractive semiconductor material for light emitter and detector applications owing to its large exciton binding energy and wide direct bandgap. 1, 2 For some device applications, ZnO-based materials with wider bandgap are highly desired. For instance, solar-blind UV detectors are required to have a cut-off wavelength below 280 nm, which corresponds to a bandgap value of 4.5 eV. Alloying with MgO (7.8 eV bandgap) is conventionally used to increase the bandgap. However, although it has been studied extensively over the last 20 years, ternary MgZnO alloy provides limited bandgap tuning in the wurtzite phase (wurtzite MgO bandgap 7.16 eV) 3 due to fact that MgO has a cubic rocksalt lattice.
Consequently, phase segregation becomes inevitable as the Mg content of the ZnMgO solid solution increases. Ohtomo et al. 4 and Sharma et al. 5 were able to tune the bandgap to ~4 eV for wurtzite MgZnO alloys containing 33% and 36% Mg, respectively. The second-phase formation at higher Mg contents could be suppressed at low growth temperatures but at the expense of inferior material quality: 55% Mg incorporation to ZnO in wurtzite phase and a corresponding absorption edge of 4.55 eV have been achieved by Du et al. 6 using plasma assisted molecular beam epitaxy (MBE) at a substrate temperature of 250 °C. It has been also possible to achieve metastable cubic phase MgZnO with even higher Mg content by mainly reducing the growth temperature. 7 Caveat in this case, however, is the loss of semiconductor functionally (the cubic material is an insulator rather than semiconductor). It should also be noted that supersaturated solid solutions are unstable against exposure to elevated temperatures during thermal treatments or device operation, which can trigger the second-phase formation and limit their practical use.
The alternative BeZnO ternary alloy has been proposed 8 to be more advantageous compared to MgZnO as it is expected to maintain the wurtzite structure for the whole compositional range, and therefore, provide a wide range of bandgap tuning potentially up to that of BeO (10.6 eV Here, we report on a systematic investigation of lattice parameters and optical bandgap values, E g , of the BeMgZnO layers grown by rf-plasma-assisted MBE on c-sapphire substrates.
X-ray diffraction analysis indicates that co-doping with Be and Mg increases incorporation of both Be and Mg into the wurtzite ZnO lattice, which allows us to achieve optical bandgaps as large as 5.11 eV. The quaternary compound BeMgZnO is also found to exhibit better structural quality compared to ternary BeZnO with similar Be content.
Experimental procedure
Quaternary BeMgZnO thin films were grown on (0001) sapphire substrates using plasma assisted MBE with an RF oxygen plasma source and Knudsen cells for Zn, Be and Mg. PBN crucibles were used for Zn and Mg sources and a BeO crucible for the Be source. First, a 2nm-thick MgO buffer layer was grown at 700°C to ensure 2D nucleation. Subsequently, an ~ 8nm-thick low-temperature ZnO (LT-ZnO) buffer layer was grown at 300°C and annealed at 700°C to achieve an atomically flat surface. BeMgZnO films (samples C1-C6) were deposited at ~8 x 10 -6
Torr oxygen pressure, 400 W RF plasma power, and 400°C substrate temperature, which was found to be optimal for the best crystal quality and reasonable Be incorporation (up to 10%). In reflections, respectively, using the line focus mode. The optical absorption measurements were performed using a Deuterium lamp and a SPEX 500M scanning spectrometer equipped with a photomultiplier tube. 16 Consequently, in this study, the Be cell temperature was chosen as 1150°C to avoid saturation of Be content for the series C BeMgZnO samples.
Results and discussion
BeMgZnO samples C1, C2, C3, and C5 were grown at the same T Zn = 324°C, but with different Mg cell temperatures. As seen from Fig. 1 and Table I, which is grown using the same Mg cell temperature of 440°C, but contains both Be and Mg.
Samples C3 and C4 were grown at the same T Be = 1150 ºC and T Mg ~ 440ºC but with different T Zn , 324 and 320ºC, respectively. For sample C4, the Zn cell temperature was decreased to reduce the Zn content, and consequently, increase Mg and Be content of the sample, which should result in wider bandgap. Indeed, the bandgap of sample C4 is much higher than that of sample C3 (4.63 eV vs. 4.16 eV). Sample C6 was grown also with T Zn = 320ºC and T Be = 1150ºC, but increased T Mg of 444ºC. As a result, the bandgap further increased to 5.11 eV, which far exceeds the values obtained for the ternary compounds (see Table I and Fig. 1 ). Further advantages of co-alloying ZnO with both BeO and MgO is discussed in more detail below. MgZnO alloys obtained in this study together with literature data for MgZnO 4 and BeZnO. 17 The a parameters were calculated from skew-symmetric (10-13) XRD scans with the use the c-lattice parameters shown in Fig. 4 (a) . In contrast to large variation of out-of-plane c parameters with composition, relatively small variation (from 3.210 to 3.255 Å) is observed for the in-plane lattice parameters of BeMgZnO. Note that samples C2 and C3, which have in-plane lattice parameters very close to the ZnO template, also exhibit the highest intensities and narrowest linewidths for XRD peaks among all the structures studies (Fig. 3) . It is worth noting that samples C1 to C3 exhibit "MgZnO-like" dependence, i.e. the a parameter increases with increasing Mg content (see also Table I ). However, for samples from C4 to C6 the increase in the band gap correlates with the decrease in a parameter. As seen from Fig. 5 , the relationship between the cell volume and optical bandgap of the quaternary BeMgZnO alloys behaves in a similar way. In the series of samples from C1 to C3, the bandgap and the cell volume increase with increasing Mg content. However, for samples C4, C5, and C6 with higher Mg contents (see Table I ), the increase in E g correlates with a drastic decrease in the cell volume. For sample C6, which exhibits the widest bandgap, both c and a parameters are the smallest. The rapid decrease of the a-parameter and the cell volume of BeMgZnO alloys with increasing Mg content observed for samples C4, C5, and C6 (Table I ) cannot be explained only by increasing Mg concentration.
We may presume that increasing Mg content enhances substitution of Be on Zn lattice sites, rather than possible presence of Be interstitials and/or Be-rich inclusions. However, an alternative scenario involving formation of Be-poor phase within Be-rich matrix cannot be completely ruled out. The low-angle shoulder of BeZnMgO (0002) were determined from elastic proton backscattering measurements. 
